A calibrated building simulation model was developed to assess the energy performance of a large historic research building. The complexity of space functions and operational conditions with limited availability of energy meters makes it hard to understand the end-used energy consumption in detail and to identify appropriate retrofitting options for reducing energy consumption and greenhouse gas (GHG) emissions. An energy simulation model was developed to study the energy usage patterns not only at a building level, but also of the internal thermal zones, and system operations. The model was validated using site measurements of energy usage and a detailed audit of the internal load conditions, system operation, and space programs to minimize the discrepancy between the documented status and actual operational conditions. Based on the results of the calibrated model and end-used energy consumption, the study proposed potential energy conservation measures (ECMs) for the building envelope, HVAC system operational methods, and system replacement. It also evaluated each ECM from the perspective of both energy and utility cost saving potentials to help retrofitting plan decision making. The study shows that the energy consumption of the building was highly dominated by the thermal requirements of laboratory spaces. Among other ECMs the demand management option of overriding the setpoint temperature is the most cost effective measure.
Introduction
Research facilities, especially large-scale buildings, have various space functionalities such as laboratories, offices, auditoria and conference rooms. If it is the old or historic building, the space usage or functionality may have been continuously changed over time and as requirements changed. Due to the complexity of the building energy behavior of different space functionalities and the limited availability of energy meter systems, it is hard for facility engineers to manage the energy usage and to select cost-effective energy conservation measures (ECMs).
Building energy simulation can help facility managers understand the energy performance of existing buildings and improve the energy performance of these buildings [1] . A good energy modeling and assessment are essential to make retrofit designs and proposals while reducing risk for all involved parties such as building owners, operational professionals, and financial decision makers [2] [3] [4] [5] . Two major approaches may be applied to simulate the energy performance of existing building with actual Energies 2016, 9, 466 2 of 18 energy usage and to evaluate each ECM: a static model simulation for investigating annual performance and a detailed whole building energy simulation model for hourly or finer time resolution analysis.
Guiterman et al. [6] studied the measurement and verification (M&V) of energy savings for residential buildings with three different simulation models: a calibrated simulation method, a temperature-based method, and a degree day-based method. The authors tested both pre-retrofit and post-retrofit conditions with these three simulation methods and concluded that a simple static simulation, especially a temperature-based model, is sufficient to verify the overall energy savings from ECMs for residential buildings. Murray et al. [7] provided a comparative study on a small office building. The study compared the building retrofitting results of a simplified model, based on degree-days model, with a whole building simulation model for the case study. The authors pointed out that the static simulation method would be sufficient to evaluate the overall building retrofitting performance. However, they also suggested that dynamic models are still effective if it is necessary to investigate the specified space thermal conditions at a certain time.
Although the static model simulation is simple to develop and use, and is sufficient for investigating building energy performance with yearly time resolution, the calibrated approach using a whole building energy simulation model is recommended to explore any interactions among parameters and to analyze the building energy performance in finer time resolution [8] .
To develop a practical building simulation model with reliable results, it is necessary and also important to have a calibration process for those simulation models. In this procedure, the simulation results of the model are compared with actual energy consumption measurements or billing data and then the input parameters or coefficients of the model are refined iteratively until the simulated results closely match the measured data [9] [10] [11] .
A number of studies on modeling procedures, calibration and ECM evaluation with a base model for commercial buildings have been reported. Reddy et al. [12] presented a systematic procedure for calibrating a detailed energy simulation tool based on data measured on-site. The procedure was used to evaluate three buildings with general HVAC systems. Liu et al. [13] suggested a simplified calibration procedure with systematic steps: a two-level calibration procedure involving information collection and on-site measurement. They implemented the calibration procedure on an office building and stated that it is effective to reduce the calibration time for the building to improve the initial model performance. Yoon et al. [14] proposed a whole calibration model process with monthly billing and sub-metered data for a large commercial building in Korea. By analysis of base load disaggregation from the total energy usage, they tuned the key parameters including lighting and plug loads, elevators and the HVAC system for a transient season first. The derived parameters of the energy simulation model were then refined for the heating and cooling seasons. Pan et al. [15] presented a case study on application of a calibrated building simulation model and an assessment of potential ECMs for a high-rise commercial building (office and hotel) in China. They adjusted the internal loads, infiltration, and HVAC system specifications/operation of the initial simulation model using a field survey. Rahman et al. [16] evaluated different ECMs and categorized the initial investment by using a calibrated simulation model for a small office building located in a sub-tropical region. The study concluded that it is feasible to achieve over 41% energy savings in an existing building when several ECMs are implemented into a building in the specific region.
Although the literatures have pointed out that the calibrated model approach, using an energy simulation model, is an effective way to analyze the energy performance of buildings, especially without detailed level sub-meters, there are no specific studies on large scale and historic research buildings. This study introduces a procedure for energy modeling and calibration for a historic and large research facility with the limited metering system. It also presents a case study, in which the energy simulation model evaluates potential ECMs as the basis for establishing the building performance characteristics. 
Building Description

Building Layout
The facility is three-stories building located in the suburbia of New York City in the U.S. The architect Eero Saarinen designed the middle section and construction was completed in 1961, then its west and east area were extended. The total building gross floor area is approximately 68,000 m 2 . This low-rise and large crescent-shape building has all curtain-wall fenestration on the front side with large singe-pane glass and punched windows on the backside wall with the same glazing, as illustrated in Figure 1 .
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Building Description
Building Layout
The facility is three-stories building located in the suburbia of New York City in the U.S. The architect Eero Saarinen designed the middle section and construction was completed in 1961, then its west and east area were extended. The total building gross floor area is approximately 68,000 m 2 . This low-rise and large crescent-shape building has all curtain-wall fenestration on the front side with large singe-pane glass and punched windows on the backside wall with the same glazing, as illustrated in Figure 1 . The thermal characteristics of the building envelope based on an "as-built" condition are listed in Table 1 . The terrace level, the first floor, contacts earth on the backside of the building. The thermal characteristics of the building envelope based on an "as-built" condition are listed in Table 1 . The terrace level, the first floor, contacts earth on the backside of the building. There are several space types such as office, laboratories (dry, wet, clean), data centers including a high performance computing center, public areas such as an auditorium, conference rooms, cafeteria, and supplemental spaces like mechanical and electrical rooms. Internal space programming has kept changing over 50 years by research trends and facility requirements, for example, many of the original lab spaces were switched with the general office area due to the reallocation of laboratory equipment. Table 2 illustrates the configuration and specification of the building's actual HVAC systems and plant. Seven different types of HVAC systems and a total of 24 air-handling units (AHUs) are operated according to space usage and service area. Constant air volume (CAV) with reheat systems serves most of the office area space which is part of the originally designed office area. Variable air volumes (VAV) with terminal reheat boxes are used for the extended office sections. CAV dual duct mixing terminal systems and VAV with terminal reheat systems serve the original laboratory area and the extended parts of the building, respectively.
HVAC Systems and Plant Configuration
Other spaces such as an auditorium, library, and lobby have typical CAV systems. A dedicated outdoor air system serves the kitchen area to control the large amount of outdoor air needed for the ventilation requirements of this space. Hot water circulated baseboards are placed near the front and back corridor windows to prevent cold drafts. All HVAC systems have steam heating and chilled water coils.
For the primary system side, five electric centrifugal chillers and three steam boilers are in operation to produce chilled water and steam for the coils in the air handling units described above. Two main chillers, identified as #1 and #2 in Table 2 , operate all year, and the others operate rotationally depending on the cooling load of the building. Three steam boilers working sequentially respond to any heating demand. Other spaces, for example clean rooms for electrical device production and data centers for high power computing, have separate HVAC systems from the main plant system because they require very precise temperature and humidity control. There are three types of energy consumption meters: overall electricity, oil usage for steam boilers, and electricity of chiller operation. Unfortunately, sub-meters for each AHU and end-use consumption were unavailable for this study. 
Building Operation for Energy Conservation
Energy saving methods have already been implemented in the building operations over the last decades. For the chilled water generation system, an indirect evaporative cooling system is working in cooling operation. It allows substantial energy and cost savings for the cooling plant by using a cooling tower [17, 18] . Return water bypasses the chillers and goes from the cooling towers directly to a heat exchanger when the wet-bulb temperature of the outdoor air is below 6.1˝C. The temperature of the return water is decreased to close to the wet-bulb temperature of the outdoor air by the cooling towers, and then it supplies a heat exchanger on the demand side directly without operating the main chillers. In 2011 the chilled water plant had run under this free cooling condition for 743 h, which represented approximately 9% of the total chiller operation hours (8254). The steam system uses high, medium and low pressure. The steam pressure of the boiler system is 827.37 kPs and is reduced down to low-pressure steam by the heating coils in the AHU systems. The secondary steam is used for hot water for a domestic hot water system and the baseboard heating system.
For the HVAC systems, the AHUs have an energy saving operation based on an economizer control. There is a temperature and humidity transmitter located on the roof that calculates the outdoor air enthalpy. Temperature and humidity sensors in the return duct calculate the indoor enthalpy. A control system compares the outdoor and indoor enthalpy for determining when using outdoor air to condition the indoor climate is more economical. If the outdoor enthalpy is lower than the indoor enthalpy, then the fan system uses almost 100% outdoor air. Any leftover air is discharged outside the building through spill shafts located in the roof to prevent the building from over-pressurizing. When the enthalpy of the outdoor air is below than a threshold point, i.e., 48 kJ/kg in the cooling season, the outdoor air damper is fully open to minimize the cooling coil operations. The damper should be at the minimum outdoor air set point condition when the outdoor air temperature is below 4˝C in the heating season or the outdoor enthalpy is higher than the indoor enthalpy. However, the minimum damper position is set to provide makeup air for building exhaust both chemical and general as well as building pressurization. In addition, passive infrared (PIR) motion sensors in water closets and corridors control lighting depending on occupancy status.
Whole Building Energy Simulation Modeling and Calibration
The building energy model was built using a whole building energy simulation program, EnergyPlus 6.0 [19] . The program is accepted worldwide to simulate annual building energy performance, HVAC systems, or thermal environment of a particular space in buildings [20] . Although it requires a massive input parameter set, it has benefits to explore interactive effect of individual ECMs on the whole building energy performance.
Geometry and Envelop Condition
Architectural and mechanical, electrical and plumbing (MEP) drawings were collected to build the model geometry using as-built conditions. Office boundaries and laboratory spaces are consolidated as a single thermal zone to be the demand side incorporating the air flow network of HVAC system model. Figure 2 illustrates the hierarchy of the building geometrical and thermal zoning model.
Using the thermal zone scheme, 106 zones were modelled, 75 of which are conditioned zones, which need indoor temperature control. The total conditioned and unconditioned areas are 52,100 m 2 and 15,153 m 2 , respectively. Other space such as the clean room space for electrical device processing and data centers which requires a precise thermal control for all year around are not included in the model. These have a separate plant system and require almost constant cooling and electrical energy demand as a base load for a whole year. 
System and Plant Zoning
Once the geometrical condition of each thermal zone has been defined, it is also necessary to connect a supply side in the model. This study modelled 24 actual HVAC systems and14 virtual HVAC models according to system type and thermal zoning conditions. For the office and laboratory, the 18 AHUs were consolidated into eight models as described in Table 3 . Two main centrifugal chillers and one supplementary chiller are in operation with a heat exchanger for free cooling by using cooling towers. The hot plant has three steam boilers operated by heating demand. The primary and secondary system are interconnected by a heat transfer medium such as air, chilled water, and steam in each virtual module. This means that the model has capability to simulate the actual system operation with an "as-operated" condition. The indoor air temperature of the laboratories is set at 21 °C all year around, whereas the temperature for office space during occupied hours (06:00-18:00) is set at 22.0 °C for the heating season (1 January-31 March and 1 October-31 December) and 23.8 °C for the cooling season (1 April-30 September). The office setpoint temperature are set back at 15.5 °C and 25.5 °C for heating and cooling during unoccupied hours, as illustrated in Figure 3 . 
Once the geometrical condition of each thermal zone has been defined, it is also necessary to connect a supply side in the model. This study modelled 24 actual HVAC systems and14 virtual HVAC models according to system type and thermal zoning conditions. For the office and laboratory, the 18 AHUs were consolidated into eight models as described in Table 3 .
Two main centrifugal chillers and one supplementary chiller are in operation with a heat exchanger for free cooling by using cooling towers. The hot plant has three steam boilers operated by heating demand. The primary and secondary system are interconnected by a heat transfer medium such as air, chilled water, and steam in each virtual module. This means that the model has capability to simulate the actual system operation with an "as-operated" condition. The indoor air temperature of the laboratories is set at 21˝C all year around, whereas the temperature for office space during occupied hours (06:00-18:00) is set at 22.0˝C for the heating season (1 January-31 March and 1 October-31 December) and 23.8˝C for the cooling season (1 April-30 September). The office setpoint temperature are set back at 15.5˝C and 25.5˝C for heating and cooling during unoccupied hours, as illustrated in Figure 3 . 
Internal Load and Operational Conditions.
Internal heat gain factors including occupancy density, lighting power and plug power level are based on the ASHRAE recommended values [8] and facility inventory documents in 2005 for the initial model as shown in Table 4 . Minimum outdoor airflow rate for ventilation is set at 9 m 3 /h for each person. The indoor air set point temperature for the office area and supplemental spaces is set at 22.0 °C for heating and 23.8 °C for cooling during occupied hours (06:00-18:00) and the temperature is set back at 15.5 °C for heating and 25.5 °C for cooling in unoccupied hours. For the laboratory area, the internal laboratory management code indicates that the space temperature should be precisely 21 °C all year around to protect chemicals and materials for the experiments.
Calibration Process and Results
Based on the initial model of the building geometry, internal load condition, and HVAC system modeling described above, three guidelines or standards were adopted to evaluate how well the model represents the energy performance of the facility [21] [22] [23] . Table 5 shows statistical indices of 
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Internal heat gain factors including occupancy density, lighting power and plug power level are based on the ASHRAE recommended values [8] and facility inventory documents in 2005 for the initial model as shown in Table 4 . Minimum outdoor airflow rate for ventilation is set at 9 m 3 /h for each person. The indoor air set point temperature for the office area and supplemental spaces is set at 22.0˝C for heating and 23.8˝C for cooling during occupied hours (06:00-18:00) and the temperature is set back at 15.5˝C for heating and 25.5˝C for cooling in unoccupied hours. For the laboratory area, the internal laboratory
management code indicates that the space temperature should be precisely 21˝C all year around to protect chemicals and materials for the experiments.
Calibration Process and Results
Based on the initial model of the building geometry, internal load condition, and HVAC system modeling described above, three guidelines or standards were adopted to evaluate how well the model represents the energy performance of the facility [21] [22] [23] . Table 5 shows statistical indices of the acceptable tolerance specified by the criteria for the calibrated simulation. According to the previous studies, internal load condition including occupant density and infiltration rate are key parameters used to calibrate the simulation model [9] [10] [11] [12] . It updated the old facility management document by surveying and re-auditing actual space functionality for each thermal zone, occupied density, lighting and receptacle power levels to minimize the discrepancy between the documentation and the actual operation.
The nearest available hourly weather data of 2011 was used instead of Typical Meteoroidal Year (TMY) data to reduce deviations between the simulated energy consumption and actual measured data [24] . Energy consumption of clean rooms and data center is regarded as a base-load for cooling and electricity consumption. According to the previous studies, internal load condition including occupant density and infiltration rate are key parameters used to calibrate the simulation model [9] [10] [11] [12] . It updated the old facility management document by surveying and re-auditing actual space functionality for each thermal zone, occupied density, lighting and receptacle power levels to minimize the discrepancy between the documentation and the actual operation.
The nearest available hourly weather data of 2011 was used instead of Typical Meteoroidal Year (TMY) data to reduce deviations between the simulated energy consumption and actual measured data [24] . Energy consumption of clean rooms and data center is regarded as a base-load for cooling and electricity consumption. By the result, the MBEmonth values range from −17.3% to 33.5%, and Cv(RMSEmonth) ranges from 19.1% to 38.1%. The re-auditing and calibration improves the model accuracy as illustrated in Figure  4 . Although there are relatively high discrepancies in the electricity consumption in May and July caused by the laboratory systems shutting down and the high-performance computing center, the result of heating and cooling energy consumptions demonstrates graphically that the calibrated simulation results agrees well with the real building energy performance in the specific year. Table 6 summarizes the statistical indices of the calibrated model performance. Comparing the measured energy billing information, The MBEmonth values for cooling, heating, and electrical energy consumption ranged from −1.23% to −3.35%. This satisfies the tolerance level of all three guidelines of ASHRAE guideline 14 [21] . In the case of Cv(RMSEmonth), the values of each energy source are within the acceptable range of ASHRAE and FEMP, but they are out of range of IPMVP-2002. Considering the statistical indices of the latest IPMVP version in 2012 shares the ASHRAE guideline, Cv(RMSEmonth) may be acceptable to verify the model performance [25] . By the result, the MBE month values range from´17.3% to 33.5%, and Cv(RMSE month ) ranges from 19.1% to 38.1%. The re-auditing and calibration improves the model accuracy as illustrated in Figure 4 . Although there are relatively high discrepancies in the electricity consumption in May and July caused by the laboratory systems shutting down and the high-performance computing center, the result of heating and cooling energy consumptions demonstrates graphically that the calibrated simulation results agrees well with the real building energy performance in the specific year. 
Results
MBE month Cv(RMSE month )
Cooling´3.35% 9.84% Heating´1. 29% 13.27% Electricity´1.23% 11.79%
End-Used Energy Consumption
One of the benefits of a whole building energy simulation model, especially for an old building without detailed sub-meters, is allowing one to explore and investigate the potential of energy conservation points of the building. The annual energy consumption of the modelled building in 2011 was broken down into the end-used energy usages as shown in Figure 5 . 
One of the benefits of a whole building energy simulation model, especially for an old building without detailed sub-meters, is allowing one to explore and investigate the potential of energy conservation points of the building. The annual energy consumption of the modelled building in 2011 was broken down into the end-used energy usages as shown in Figure 5 . The facility used almost 38% of total energy for heating in the year while the cooling system was responsible to only 18% of the yearly energy consumption. Heating dominates the total energy consumption because of the site location and continuous all-year operating schedule. The transporting energy to the demand, including fans and pumps, is the second largest part, using 28% of the annual energy consumption. The cooling system, including chiller and cooling tower, used 20% of the total site energy requirements in the year. Internal electricity energy consumption for lighting and equipment for experiment was responsible for 14% of the annual energy consumption. The result is useful in prioritizing the potential energy conservation measures.
Evaluation of Energy Saving Measurements
The potential ECMs are usually classified into hardware retrofitting for building envelopes and HVAC systems, and software overriding such as adjustments of HVAC operation and internal load conditions [26] . Based on the calibrated model, three types of ECM are taken into account in this study: fenestration retrofitting, demand adjustment, and HVAC system replacement. This was discussed with building engineers to explore feasible ECMs considering current building status and facility management budget. In total eight cases for short and long-term planning are individually The facility used almost 38% of total energy for heating in the year while the cooling system was responsible to only 18% of the yearly energy consumption. Heating dominates the total energy consumption because of the site location and continuous all-year operating schedule. The transporting energy to the demand, including fans and pumps, is the second largest part, using 28% of the annual energy consumption. The cooling system, including chiller and cooling tower, used 20% of the total site energy requirements in the year. Internal electricity energy consumption for lighting and equipment for experiment was responsible for 14% of the annual energy consumption. The result is useful in prioritizing the potential energy conservation measures.
The potential ECMs are usually classified into hardware retrofitting for building envelopes and HVAC systems, and software overriding such as adjustments of HVAC operation and internal load conditions [26] . Based on the calibrated model, three types of ECM are taken into account in this study: fenestration retrofitting, demand adjustment, and HVAC system replacement. This was discussed with building engineers to explore feasible ECMs considering current building status and facility management budget. In total eight cases for short and long-term planning are individually considered.
Fenestration
The improvement of thermal performance of fenestration was considered an important issue for this facility because the front side of building has an all glass curtain wall with single pane (6 mm) grey color glass and 5 mm thickness steel window frames, which do not have high thermal resistance. In addition, the gross area of the wall is over 8400 m 2 .
Four envelope retrofitting options with different thermal/optical properties were proposed, as illustrated in Table 7 . Window 5.0 was used to characterize the options first to capture the thermo-optical characteristics of the systems before being implemented in the building model [27] . Among the cases, Case 1 conducted a mock-up onto the existing window system to test its feasibility ( Figure 6 ) because it would require minimum initial cost for improving fenestration performance without window and frame retrofitting. Figure 7 illustrates the comparison of the annual heating, cooling, and electricity energy consumption for each fenestration retrofitting. For Case 1, 2.9% of the cooling energy could be saved on an annual basis, while the annual heating energy would require 1.33% more compared with the baseline case. This would be mainly due to changing the window thermal and optical properties by the low emissivity film. Considering the thermal-optical data of the thin film, it can save both heating and cooling energy usage but it may fail to be effective to reduce heating energy, which is the dominant energy usage. Although the overall heat transfer coefficient (U-value) is reduced by about 25% by the film, solar heat gain coefficient (SHGC) also decreased from 0.59 to 0.33. Figure 8 shows the weekly thermal balance through the window part in the lowest outdoor air temperature of the year. It indicates that the window blocks solar transmittance during daytime much more than the reduced convective and conductive heat loss through the window in nighttime.
If a simple double-pane window construction with an additional clear glass based on the original condition (Case 2) is used, the energy saving potential of each energy source is within 1%. However, the energy saving potential is enhanced with a double-pane construction with low emissivity clear glass (Case 3). The annual heating, cooling and electrical energy savings with Case 3 are 8.67%, 13.15% and 1.8%, respectively. Energies 2016, 9, 466 12 of 17 
Demand Control
The study also investigated the energy saving potential of overriding the indoor set temperature conditions of the office and laboratory space. The set temperature during occupied hours for the office space was adjusted from 22.0 °C to 21.0 °C for heating, and 23.8 °C to 24.8 °C for cooling (denoted as Case 5). In Case 6, the zone set temperature of laboratory area was adjusted 1 °C from the current conditions to 20 °C and 22 °C for heating and cooling, respectively. Figure 9 illustrates the simulation result of energy consumption for each energy source compared with the base case model. When the office set temperature is overridden by ±1 °C during occupied hours, it can reduce overall building cooling energy by 5.05%. However, 2.34% more heating energy is required than in the baseline model. This is mainly caused by the set temperature control logic of the HVAC systems, which use a single set temperature profile, which would lead to simultaneous heating and cooling during the day for the transient season. Additional heating in morning and late afternoon in the transient season would be required if the set point temperature were shifted. Therefore, it would be recommendable to retrofit the HVAC control logic with a dualband set temperature control or incorporating the outdoor air temperature to avoid simultaneous heating and cooling operations in a day.
In the case of adjusting the set temperature in the laboratory system, Case 6, both heating and cooling energy are reduced by 3.07% and 11.45%, respectively. The energy consumption of the delivery system, fans and pumps also decreases by 4.54% due to the reduced thermal energy requirement. This measurement achieves better energy saving potential comparing with other measurements. It means that the building energy consumption is dominated by the laboratory system due to the high ventilation rate, constant space set point temperature throughout the whole year, and high internal heat gain from experimental devices. The set temperature, defined over 20 years ago, may be very low for the cooling season. The space program was changed, but it is still connected to the old HVAC loop. For example, an office space where a laboratory room used to be has a mixing terminal with a dual-duct VAV system. The energy consumption for using a high performance glazing system (Case 4), triple glazing, reduces 8.76% of heating, 15.69% of cooling, and 2.63% of electricity usage compared with the simulation result of the baseline conditions. From the result, it would recommend that a double glazing system with low emissivity coating, at least, is necessary to achieve visible energy savings.
The study also investigated the energy saving potential of overriding the indoor set temperature conditions of the office and laboratory space. The set temperature during occupied hours for the office space was adjusted from 22.0˝C to 21.0˝C for heating, and 23.8˝C to 24.8˝C for cooling (denoted as Case 5). In Case 6, the zone set temperature of laboratory area was adjusted 1˝C from the current conditions to 20˝C and 22˝C for heating and cooling, respectively. Figure 9 illustrates the simulation result of energy consumption for each energy source compared with the base case model. When the office set temperature is overridden by˘1˝C during occupied hours, it can reduce overall building cooling energy by 5.05%. However, 2.34% more heating energy is required than in the baseline model. This is mainly caused by the set temperature control logic of the HVAC systems, which use a single set temperature profile, which would lead to simultaneous heating and cooling during the day for the transient season. Additional heating in morning and late afternoon in the transient season would be required if the set point temperature were shifted. Therefore, it would be recommendable to retrofit the HVAC control logic with a dual-band set temperature control or incorporating the outdoor air temperature to avoid simultaneous heating and cooling operations in a day.
system, denoted Case 7, it is expected that annual cooling and heating energy consumption would be reduced by 2.66% and 5.19 %, respectively, as shown in Figure 9 . HVAC system retrofitting would improve both the energy saving potentials and occupants' thermal comfort. Several laboratory rooms were reallocated to general office or conference rooms. It indicates that the existing HVAC system, dual-duct mixing and continuous operating, wastes energy for conditioning unoccupied area and occasionally causes occupants to complain about the low indoor air temperature (21 °C). 
Utility Cost Evaluation
Although the energy consumption savings represent a practical measurement tool to evaluate each ECM, the energy cost savings aspect is also important in making a short or long term retrofitting plan because all energy sources have a different pricing matrix. Table 8 summaries the estimated energy bill for each ECM. According to the billing information for 2010-2011, the energy price was $0.1/kWh for general used and cooling system and $1.9/gallon of Fuel #6 (Bunker-C oil) for the heating system, respectively.
The fenestration retrofitting cases (Cases 1-4), have energy cost savings ranging from $51,100 to $338,100, depending on the type of retrofitting implemented. In the case of the demand control by set temperature resetting for the office and laboratory space, this can save about $170,000 and $319,000 of energy costs per year. This measure would achieve better energy savings with minor investments, but it should consider the occupants' comfort level in the office space and the thermal environment requirements of each laboratory system.
When the existing CAV-dual duct mixing box is replaced with a VAV-terminal reheat system, denoted as Case 7, it is expected that the energy cost savings would be about $132,000 per year. The energy and utility cost saving potential per unit area ranges from 0.7% to 10.51%, as listed in Table 9 . In the case of adjusting the set temperature in the laboratory system, Case 6, both heating and cooling energy are reduced by 3.07% and 11.45%, respectively. The energy consumption of the delivery system, fans and pumps also decreases by 4.54% due to the reduced thermal energy requirement. This measurement achieves better energy saving potential comparing with other measurements. It means that the building energy consumption is dominated by the laboratory system due to the high ventilation rate, constant space set point temperature throughout the whole year, and high internal heat gain from experimental devices. The set temperature, defined over 20 years ago, may be very low for the cooling season. The space program was changed, but it is still connected to the old HVAC loop. For example, an office space where a laboratory room used to be has a mixing terminal with a dual-duct VAV system.
HVAC System Retrofitting
The building has four CAV systems with dual duct mixing boxes for a part of the laboratory space as described in the previous section. Although the system can respond to the thermal requirements quickly and can provide precise temperature control, it is an energy inefficient system since both hot and cold air must be produced simultaneously all year around based on the operation schedule [16] . It inherently requires additional heating energy during the cooling season. In addition, the mixing box is often operating incorrectly and some spaces have been occupied as general office, which does not require the precise environmental conditions.
When the four CAV-dual duct mixing box systems are replaced with a VAV-terminal reheat system, denoted Case 7, it is expected that annual cooling and heating energy consumption would be reduced by 2.66% and 5.19 %, respectively, as shown in Figure 9 . HVAC system retrofitting would improve both the energy saving potentials and occupants' thermal comfort. Several laboratory rooms were reallocated to general office or conference rooms. It indicates that the existing HVAC system, dual-duct mixing and continuous operating, wastes energy for conditioning unoccupied area and occasionally causes occupants to complain about the low indoor air temperature (21˝C).
Utility Cost Evaluation
Although the energy consumption savings represent a practical measurement tool to evaluate each ECM, the energy cost savings aspect is also important in making a short or long term retrofitting plan because all energy sources have a different pricing matrix. Table 8 summaries the estimated energy bill for each ECM. According to the billing information for 2010-2011, the energy price was $0.1/kWh for general used and cooling system and $1.9/gallon of Fuel #6 (Bunker-C oil) for the heating system, respectively. The fenestration retrofitting cases (Cases 1-4), have energy cost savings ranging from $51,100 to $338,100, depending on the type of retrofitting implemented. In the case of the demand control by set temperature resetting for the office and laboratory space, this can save about $170,000 and $319,000 of energy costs per year. This measure would achieve better energy savings with minor investments, but it should consider the occupants' comfort level in the office space and the thermal environment requirements of each laboratory system.
When the existing CAV-dual duct mixing box is replaced with a VAV-terminal reheat system, denoted as Case 7, it is expected that the energy cost savings would be about $132,000 per year. The energy and utility cost saving potential per unit area ranges from 0.7% to 10.51%, as listed in Table 9 . 
Conclusions
Any energy saving strategy for an existing building begins with an understanding of the energy performance based on the actual building operating conditions, but often this is not straightforward, especially for very old buildings, due to insufficient building data and a lack of sub-meters and data acquisition systems. If the building has multi-functional spaces with different operational conditions, the complexity is even higher. In this case, a calibrated building energy simulation model is helpful in investigating the energy performance of the building in detailed level and evaluating potential ECMs by considering the interactive effects of each measure on heating, cooling, and electricity energy consumption.
This study presented an application of a calibrated energy simulation method for a large historic research facility to analyze the building energy performance and evaluate potential ECMs. Using the calibrated baseline model, the study evaluated potential ECMs based on the building energy consumption characteristics. For the envelope retrofitting, it was not surprising that an improved thermal resistance of the glazing system yields more energy savings. However, at least a double-pane glass system would be required to get substantial benefits for the building. This would require window frame modifications, which increase the initial investment.
The resetting of the space set temperature of the office and laboratory space can be a viable way to reduce energy consumption with minimal or zero investment. For office spaces, the study recommended changing the control logic to avoid simultaneous heating and cooling operation in a day. It also indicates that there is high energy saving potential by overriding the set temperature condition for the laboratory if the thermal environment does not require the precise control as operated. The retrofitting of the old dual-duct system with a typical VAV system would have benefits to save heating and cooling energy by incorporating other load saving measures.
The study demonstrated that a calibrated simulation model is useful to characterize facility energy consumption and evaluating ECM options for a large research facility with substantial energy usage. The lack of sub-meters to allow understanding the energy usage pattern and incorrect documentation of the facility management are usual limitations for old existing buildings. In the case, building engineers may look for hardware retrofitting options such as wall and roof insulation, window replacement, HVAC system renewals because they might be visible and effective. However, this case study shows that internal operational conditions are much more important than other building component parameters. The set point temperature, defined over 20 years ago, might be very low in the cooling season for office space. It might be also very unusual for laboratories to be at 21˝C all-year-round, although the temperature was required for the experiment.
The simulation model is planned to be used further in evaluating the post-retrofitting effects of the proposed ECMs and monitoring HVAC systems or plant performance in a real-time analysis integrated with a building management system (BMS) in the future. 00 where, M: measured energy consumption in the period, S: simulated energy consumption in the period.
Nomenclature
Cv(RMSE)
Coefficient of variation of the root-mean-squared error, 
